Concentrations of leaf nitrogen (N) and phosphorus (P) are two key traits of plants for 2 ecosystem functioning and dynamics. Foliar stoichiometry varies remarkably among life 3 forms. However, previous studies have focused on the stoichiometric patterns of trees and 4 grasses, leaving a significant knowledge gap for shrubs. In this study, we explored the 5 intraspecific and interspecific variations of leaf N and P concentrations in response to the 6 changes in climate, soil property, and evolutionary history. We analysed 1486 samples 7 composed of 163 shrub species from 361 shrubland sites in Northern China encompassing 8 46.1 degrees (86.7°E -132.8 °E) in longitude and 19.8 degrees (32.6°N -52.4 °N) in latitude. 9
Introduction 22
Understanding how and why plant stoichiometry varies among species and sites is, in general, 23 an important step towards understanding terrestrial ecosystem properties, including 24 biogeochemical cycles, plant trait evolution, plant community structure and their functional 25 characteristics in a changing climate (Westoby and Wright, 2006) . Concentrations of leaf 26 nitrogen (N) and phosphorus (P) play a crucial role in ecosystem functioning and dynamics 27 7 We followed Lepš et al. (2011) to assess the relative contributions of intraspecific and 1 interspecific variability effects on biomass weighted site-average leaf N, P concentrations and 2 N:P ratios along the climatic and soil nutrient gradients. For each site, we calculated "specific" 3 site-average leaf N, P concentrations and N: P ratios and "fixed" site-average leaf N, P 4 concentrations and N:P ratios with the formulas below: where S is the number of species in a study site, pi is the proportion of the ith species based 8 on aboveground biomass (leaf and stem biomass) in the site, xi is the fixed mean leaf N, P 9 concentrations or N:P ratios of the ith species for all study sites where the species exists, and 10 xj is the specific mean leaf N, P concentrations or N:P ratios of the ith species for the given 11 site. The variation of specific average values may be attributed to both intraspecific and 12 interspecific leaf chemical trait variations, while the variation of fixed average values is 13 solely affected by interspecific leaf chemical trait variation. Therefore, the effect of 14 intraspecific variability can be estimated as: 15
Intraspecific variability = Specific average − Fixed average (3) 16
We then used each of the three parameters as a single response variable in general linear 17 model (GLM) regressions with climatic and soil nutrient factors as explanatory variables. The 18 decomposition of sum of squares (SS) can be used across the three GLM models: 19 SS Specific = SS Fixed + SS Intraspecific + SS covariance (4) 20
We could then extract the SS for each of the three GLM models explained by each of the 21 environmental factors. In this way, we decomposed the total variation of leaf N, P 22 concentrations or N:P ratios into parts explained by intraspecific variation, interspecific 23 variation and their covariance; we also quantified how much variability in each part can be 24 explained by each environmental factor. We analysed both main-effect GLM models and the 25 8 GLM models with interaction terms. Since the results for the main effects of environmental 1 variables were same, and the variation explained by interaction terms were relatively small 2 compared to the main effects, we only presented the main-effect models for simplicity, and 3 showed the models with interaction terms in the supplementary material (Table S2) . 4
Ecological data on large scales often display spatial autocorrelation, and the presence of such 5 pattern in the residuals of a statistical model may result in significant type I error (Dormann, 6 2007). We tested for spatial independence of the residuals of the models using Moran's I 7 index (Moran, 1950), and found that the Moran's I of the residuals of all the models were not 8 significant ( Fig. S1 ), indicating that the environments included in the models removed the 9 spatial autocorrelation in the leaf nutrient concentrations (Diniz-Filho et al., 2003) . 10
Statistical and phylogenetic analyses were performed using R 3.1.1 (R Development Core 11 
Phylogenetic signal test 14
To examine the phylogenetic signal of leaf N and P concentrations and test our third 15 hypothesis, we constructed a phylogenetic tree for the 163 species by using Phylomatic 16 for 999 times. The P-value can be used to test whether the phylogenetic signal in each trait is 27 9 larger than the null expectation, while the K statistic can be used to estimate the strength of 1 phylogenetic signal. A significant P-value indicates that the phylogenetic signal of the trait 2 was non-random, compared to the prediction of the random-tip-shuffling model. (Fig. 3 ). 20
At the community level, climatic variables explained 3.4% of the total variation in leaf N 21 concentrations, and 8.2% of the total variation in leaf P concentrations. Only AP significantly 22 influenced leaf N concentrations, while all environmental factors except STN and soil pH 23 significantly influenced leaf P concentrations. AP explained the most variation in leaf N:P 24 ratios (20.6%), while the effects of other factors were not significant (Table 2) . 25
When the total variation of leaf N and P concentrations were decomposed into intraspecific 26 and interspecific variations, GLM analyses showed that AP and STN explained 5.5% and 2.5% 27 that with all data pooled. For desert shrublands, however, none of the environmental factors 10 significantly influenced leaf N concentrations, and precipitation was the major factor 11 influencing leaf P concentrations and N:P ratios through shifts in species composition (Fig.  12 S3; Table S3 ). 13
Phylogenetic signals of leaf N and P concentrations 14
Leaf N concentrations exhibited a significantly non-random phylogenetic signal (K =0.31, p 15 <0.001), while leaf P concentrations showed a significant but weaker phylogenetic signal (K 16 =0.24, p <0.01) among all species (Table 1) . The phylogenetic signal for leaf N 17 concentrations remained significant when legumes (K =0.30, p <0.001) or succulent plants 18
were excluded (K =0.30, p <0.001) ( Table 1) . 19 20
Discussion 21
Using foliar stoichiometry of 163 shrub species from 361 shrubland sites, we investigated 22 patterns of leaf N and P concentrations in shrublands of Northern China. We focused our 23 discussion on leaf N and P concentrations instead of their ratio because leaf N:P was strongly 24 driven by both leaf N and P concentrations and was predictable based on leaf N and P 25 concentrations. Given that leaf C concentrations are relatively stable, leaf N and P 26 concentrations can be good indicators of C:N and C:P ratios (Reich, 2005 (Fig. S4) . The "leaf 4 economics spectrum", proposed by Wright et al. (2004) , runs from life strategies 5 characterized by low rates of metabolism, low N and P concentrations, and extended leaf 6 longevity, to life strategies characterized by high rates of metabolism, high N and P 7 concentrations, and short leaf longevity (Wright et al., 2004) . Our result indicated differences 8 in life strategies between shrubs and trees or herbaceous plants. Our results also suggested 9 that the inclusion of shrubs is necessary to explore the patterns of leaf stoichiometry in 10 relation to climate and soil property. 11
There are some novel findings concerning the patterns of leaf stoichiometry, which we 12 discuss below. (Fig. S4) . In contrast, leaf P concentrations increased with precipitation. P is 24 derived primarily from the weathering of soil inorganic components and the degradation of 25 organic matters (Aerts and Chapin, 1999). Increases in precipitation may amplify P 26 availability in soil by facilitating the decomposition of litter in arid regions. 301 of the study 27 12 sites have an aridity index (the ratio of total precipitation to potential evapotranspiration) of 1 <1, indicating that precipitation is generally lower than evapotranspiration in this region. The 2 positive correlation between soil total phosphorous concentrations and precipitation (R 2 
Influence of soil N and P concentrations on leaf N and P concentrations 17
We observed a significantly positive correlation between leaf P concentrations and soil total 18 phosphorous concentrations, but not between leaf N concentrations and soil total nitrogen 19 concentrations. We acknowledge that the available soil N and P, though in a small quantity, in our study. Nevertheless, we note that organic materials, which constitute the majority mass 24 of soil total N and P, can be directly utilized by many plants that couple with mycorrhizal 25 fungi (Aerts and Chapin, 1999). This makes the total element concentrations, including total 26 N and P, the most effective indicators for soil nutrient level. 27 13 The positive correlation between leaf and soil P concentrations might be due to low soil P 1 concentrations. Although leaf P concentrations are higher in shrublands of Northern China 2 than in forests in China (Zhang et al., 2005), it is significantly lower than those in the rest of 3 the world (Han et al., 2005) . It is widely reported that a leaf N and P ratios (N:P) <14 4 indicates N limitation, whereas a N:P >16 indicates P limitation, in the ecosystem (Aerts and 5
Chapin, 1999; Koerselman and Meuleman, 1996). In this study, mean leaf N:P is 18.69, 6 which is significantly greater than 16 (One sample t-test: p <0.001). This means that 7 shrublands of Northern China are P limited. In the P limited ecosystems, plants may absorb P 8 and deposit P in an inorganic form when P in soil is abundant (Sterner and Elser, 2002), 9 resulting a positive correlation between leaf and soil P concentrations. However, leaf N 10 concentrations did not increase with soil N concentrations, which is likely due to N is not 11 , 2015) . This is consistent with our observation that leaf N concentrations 18 increased with soil pH. However, the effect of soil pH became insignificant in the multiple 19 regressions (Table 2) , which might due to the strong negative correlation between 20 precipitation and soil pH in this region (R 2 =0.40, p <0.001). 21
Influence of environmental factors at the intraspecific and interspecific 22 variation of leaf N and P concentrations 23
Environmental factors explained more variance in leaf P concentrations than N 24 concentrations at the community level (Table 2) . However, the explanatory powers of climate 25 and soil for leaf N and P concentrations are comparatively low. We speculate that other 26 factors, such as soil age, may also have effects on the leaf stoichiometry, (Vitousek et al., 27 14 2010; Hayes et al., 2014), but these were not included in our model. Interspecific variation of 1 leaf N and P concentrations is caused by changes in species composition, and intraspecific 2 variation of leaf N and P concentrations is driven by environmental variations. Leaf P was 3 jointly influenced by climate and soil nutrient. Climate influenced the community leaf P 4 concentrations through shift in species composition, whereas soil influences the community P 5 concentrations directly. Compared with other environmental factors, leaf N concentrations 6
were to a larger extent affected by precipitation through species turnover. 7
The phylogenetic signal analysis also indicated that the temperature and precipitation niches 8 of species exhibited phylogenetic signal, while the soil niche did not (except for soil pH, 9 which also exhibited a phylogenetic signal). This result was consistent with the previous 10 conclusion that climate explained more interspecific variation of leaf chemical traits and temperature and precipitation gradients are likely due to differences in species composition 15 along the gradient. Particularly, annual precipitation showed the strongest phylogenetic signal, 16 largely due to the large gradient in precipitation across the study region and the dramatic 17 variation in species composition adapted to aridity gradient. 18
Influence of phylogeny on leaf N and P concentrations 19
Leaf N concentrations exhibited strong, while leaf P concentrations exhibited weak, 20 phylogenetic conservatism. Legumes and succulent species had high leaf N concentrations 21 (Fig. S4) , and may significantly increase the K value of leaf N concentrations. However, the 22 K-value remained almost unchanged after excluding theses species. Therefore, the 23 phylogenetic conservatism of leaf N concentrations did not result from the inclusion of some 24 clades that have higher leaf N concentrations. 25
Plants disperse and evolve in response to environmental conditions that vary over both time 26
and space (Kerkhoff et al., 2006) . In this process, adaptive traits that are shaped by the 27 15 environment conditions tend to show weaker phylogenetic signal (Losos, 2008) . In this study, 1 leaf N concentrations were not influenced by soil nutrients, and we surmise that the influence 2 of climate on leaf N concentrations mainly works through species turnover. Leaf N 3 concentrations therefore exhibited significant phylogenetic signal. In contrast, leaf P 4 concentrations were significantly influenced by soil nutrients, and their conservation was 5 therefore weakened. 6 7
Conclusions 8
We investigated the leaf N and P concentrations of 163 shrub species sampled at 361 sites in 9
Northern China, and related the N and P concentrations to the climate, soil conditions, and 10 species phylogenetic information. We found that leaf N and P concentrations responded to 11 climate, soil, and evolutionary history differently. Leaf P concentrations were jointly driven 12 by soil P concentrations and climate, whereas leaf N concentrations were mainly driven by 13 precipitation. Both leaf N and P concentrations were phylogenetically conserved, but leaf P 14 concentrations were less conserved than leaf N concentrations, which could be attributed to 15 the mechanism that plants acquire P. Changes in leaf chemical traits along the climatic 16 gradient were mainly due to differences in species composition along the gradient, whereas and N:P ratios (c) for all observations. 7 Table S2 . Summary of general linear models for leaf N and P concentrations and N:P ratios 21 of shrubs in Northern China with interaction terms. 22 Table S3 . Summary of main-effect general linear models for leaf N and P concentrations and 23 N:P ratios of shrubs in temperate shrubland (TS) and desert shrubland (DS). 24
